S-100 proteins represent a group of closely related acidic, calcium binding proteins originally isolated from the mammalian nervous system and later detected in non-neural cell types and in a wide variety of vertebrate and invertebrate species. The present study used immunochemical and immunohistochemical methods to extend the investigation of S-100 during phylogenesis to plant tissues. The presence of S-100-like immunoreactive material was detected in extracts of spinach (Spinacia oleracea L.) terminal buds and young leaves by the ELISA method and by Western blotting using Supported in part by grants to FM from Consiglio Nationale delle Ricerche and Minister0 dell'different anti-S-100 rabbit antisera. Using the PAP method, serial sections of young spinach leaves treated with the same antisera exhibited an immunoreaction product that was confined to the cytoplasm and nucleus (but absent from the vacuoles) in meristematic, epidermal, and parenchymal cells. The present data enlarge the field of investigation of S-100 proteins in the search of the function(s) of S-100 in biological organisms. (JHistochem Cytochem 40:839-84, 1992) KEY WORDS: S-100 proteins; Spinach tissue; Immunochemistry; Immunohistochemistry.
Introduction
S-100 proteins (Moore, 1965 ) represent a group of closely related acidic, calcium binding proteins originally isolated from the mammalian nervous system and later detected also in defined non-neural cell types. By immunochemical criteria, S-100 proteins appear to be well conserved during phylogenesis in all vertebrate species. S-100 immunoreactivity has also been demonstrated in invertebrates such as the planarian (Dugesia gonocephala) (Michetti and Cocchia, 1982) , the silkworm (Bombyx morz], the cockroach (Periplaneta americana), and the earthworm (Pheretima communissima) (Endo and Endo, 1988) . This wide range of conservation during phylogenesis suggests pivotal biological roles for S-100 proteins that have not been conclusively elucidated, although several hypotheses have been formulated (for review see Hilt and Kligman, 1991; Baudier, 1988; Van Eldik and Zimmer, 1988) . In particular, recent data obtained using anti-sense genes and nucleotides suggest a role in the regulation of cell morphology, cytoskeletal organization, and cell proliferation (Selinfreund et al., 1990) .
The present study used immunochemical and immunohisto-chemical methods to extend the investigation of S-100 during phylogenesis to the same plant tissues in which the presence of other calcium binding proteins that are widely distributed in animal tissues has been clearly demonstrated (Lin et al.. 1986; Vantard et al., 1985; Dieter and MarmE, 1980; Watterson et al., 1980; Charbonneau and Cormier, 1979; Anderson and Cormier, 1978) . This report presents data indicating the Occurrence of S-1OO-like immunoreactive material in spinach (Spinacia oleracea L.) tissues.
Materials and Methods
Preparation of Spinach Tissue Extracts. Fresh spinach terminal buds and young leaves (10 g for each experiment) were minced with scissors and homogenized in a Waring Blendor at 0-4'C in 4 volumes of a medium containing Hepes-NaOH 100 mM, 2 mM, KCI 10 mM, MgClz 1 mM, EDTA 1 mM, PMSF 0.5 mM, sucrose 400 mM, pH 7.5. The homogenate was filtered through cheesecloth and centrifuged at 100,000 x g for 60 min at 4°C. The supernatant was used for immunochemical assays and biochemical determinations.
S-100 Proteins. S-100 proteins were prepared from ox brain according to the procedure described by Moore (1965) . The purity was checked by immunodiffusion and disc electrophoresis as described by Ornstein (1964) and Davis (1964) . Purified ox S-100 proteins, purchased from Wako Pure Chemical Industries (Osaka, Japan), or purified ox S-lOOB, purchased from Sigma (St Louis, MO), were used in some experiments. Antisera. A specific antiserum to ox brain S-100 proteins was obtained from rabbit and characterized according to Zuckerman et al. (1970) . The serological specificity of the antiserum was shown by double diffusion in agar, by quantitative microcomplement fixation assay as described by Moore and Perez (1966) , and by the ELISA method as described below. For some experiments, anti-S-100 antisera purchased from Wako, Dakopatts (Glostrup. Denmark) or Sigma, as well as anti-S-100B antiserum (kindly provided by Prof. Kenneth D. Haglid, Institute of Neurobiology, University of Goteborg, Sweden) were used. For the control experiments, pre-immune rabbit serum or anti-S-100 absorbed as described below with purified S-100 was used. Anti-S-100 antiserum was incubated for 1 hr at 37°C with S-100 antigen (10 pglml) and the antigen-antibody reaction was allowed to continue overnight at 4'C. The procedure was repeated once with the addition of a further 10 pglml of antigen. The completeness of the reaction between antigen and antibody was evaluated by quantitative precipitin determination and by immunodiffusion (Harboe and Ingild, 1973) . Antisera against glial fibrillary acidic protein, neuron-specific enolase, and neurofilament proteins were purchased from Dakopatts.
Immunochemical Procedures. For the ELISA technique, disposable flatbottomed polystyrene microtest plates (Nunc; Kamstrup, Denmark) were used as solid phase. The microtest plates were coated (50 pl in each well) with S-100 proteins at various concentrations between 0.5-25 ng per well for the standard curves or with various concentrations of spinach extract (between 1.5-85 pg per well). Both S-100 and spinach extracts were diluted in 0.1 M carbonatelbicarbonate buffer, pH 9.5. After overnight incubation at 4°C. the excess solution was decanted and the plates were washed five times at room temperature in PBS, pH 7.5, containing Tween-20 (0.1% vlv). The plates were then coated with bovine serum albumin (BSA; 1% wlv) in PBS at pH 7.5 (200 pI in each well) and incubated for 60 min at 37'C to block nonspecific sites on solid phase. After five washings as described above, the wells were incubated for 90 min at 37°C with specific antisera or control sera and diluted in PBS pH 7.5 containing 1% BSA. After an initial screening, 1:lOOO was established as the usual dilution. After another five washings as described above, the wells were incubated for 60 min with 50 p1 anti-rabbit Ig. biotinylated species-specific donkey antibody (Amersham International; Amersham, UK) diluted MO0 in PBS (pH 7.5) containing 1% BSA. The plates were washed again five times as above and incubated for 30 min at 37°C with a streptavidin-biotinylated horseradish peroxidase complex (Amersham) diluted 1:lSoO in PBS containing BSA as above (50 pl in each well). After a further five washings as above, each well was incubated at room temperature for 15 min in the dark with 50 p1 of freshly prepad enzyme substrate (0-phenylenediamine dhydrocMoride, 0.4 mglml; Sigma) in 0.1 M citrate buffer, pH 5.0, containing 0.012 vol H202). Finally, 50 p1 of H2S04 (4 N) were added to stop the reaction and the absorbance was measured at 492 nm in an automatic ELISA reader (Behring ELISA processor 11). In some control wells, antisera or antigens were omitted in order to evaluate possible nonspecific readings of absorbance independent of an antigen-antibody reaction. These were usually unquantifiable but, when present, were subtracted from the reading values of the samples. All the experiments were performed in triplicate.
For Western blot analyses, the procedure described by Van Eldik and Wolchok (1984) was used with minor modifications after electrophoresis on 12.5% (wlv) polyacrylamide-sodium dodecyl sulfate (SDS) minislab gels using a BioRad Miniprotean I1 apparatus as described by Laemmli (1970) . PAGE reagents were from BioRad (Richmond. CA) and SDS-PAGE and molecular weight standards were from Pharmacia (Uppsala, Sweden). The proteins in the gels were electrophoretically transferred to nitrocellulose paper (0.45 pm) in transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v methanol) using a BioRad Minitransblot apparatus. Transfer was conducted at 100 V for 1 hr at 4'C. After transfer, the nitrocellulose was rinsed briefly in PBS and incubated in 0.2% (vlv) glutaraldehyde in PBS for 45 min at room temperature, to enhance the retention of proteins on the nitrocellulose. The nitrocellulose was then rinsed briefly in PBS and unreacted sites were blocked in 2% (wlv) lyophilized cows' milk in PBS for 1 hr at room temperature. After washing five times in PBS containing 0.1% (v/v) Tween-20 ( 5 min for each wash at room temperature), the paper was incubated for 1 hr at room temperature with primary antibody (rabbit anti-S-100 antiserum or pre-immune rabbit serum) diluted (1:lOO) in PBS containing milk as indicated above. The paper was washed as above and subsequently incubated for 1 hr at room temperature with anti-rabbit Ig biotinylated speciesspecific antibody (Amersham) diluted (1:250) in PBS containing lyophilized milk. After five washings as above, the paper was incubated for 15 min at room temperature with streptavidin-biotinylated horseradish peroxidase complex (Amersham) (1:500 in PBS containing milk as above). After five washings as above, the paper was incubated at room temperature in the dark with diaminobenzidine (Sigma; 3 mg in 10 ml PBS containing 0.1% Tween-20 and 0.05% H202) to visualize antibody reactivity. In some experiments, after glutaraldehyde fixation the paper was stained with 0.1% (wlv) Amido black in 45% (vlv) acetic acid and de-stained in 90% (v/v) methanol, 2% (v/v) acetic acid to detect the transferred proteins.
Immunohistochemical Procedures. Young spinach leaves obtained from fresh plants (Spinacia oLeraceaL.) were cut into small fragments of approximately 0.5 cm diameter and fixed by immersion in 4% paraformaldehyde i n phosphate buffer (0.1 M, pH 7.4. at 4°C for 3 hr). After a brief washing in PBS the specimens were embedded in paraffin. Sections (c. 6 pm thick) were deparaffinized in xylol, treated with 0.3% hydrogen peroxide in methanol for 15 min to block endogenous peroxidase activity, and finally processed for the immunoperoxidase reaction using the unlabeled antibody PAP method (Sternberger et al., 1970) . The dilution of reagents in PBS and the reaction times at room temperature were as follows: swine normal serum (3.0% wlv), 30 min; anti-ox whole S-100 (1:1000), anti-ox S-100B (1:1000). pre-immune serum (1:1000), and anti-ox S-100 antiserum exhaustively absorbed with the antigen (1:1000), 90 min; swine anti-rabbit IgG (Dakopatts; 1:50), 1 hr; peroxidase-anti-peroxidase (PAP) complex (Dakopatts; 1:100), 1 hr; 3,-3'-diaminobenzidine,4HCl (DAB) (Sigma) in 0.05 M 'Eis-HCI buffer, pH 7.6 (0.4 mglml) containing 0.05% H202, 15 min. At the end of each step the sections were washed five times in PBS over a period of 30 min. Observations were performed with a Zeiss Axiophot microscope by brightfield microscopy. Some sections were stained with hematoxylin-eosin for tissue orientation.
Analytical Methods. Protein concentration was determined in plant extracts by the method of Lowry et al. (1951) using crystalline bovine albumin as the standard.
Results
W h e n tested by the ELISA method ( Figure I) , spinach extracts exhibited detectable amounts of S-100-like immunoreactive material. Figure 1 shows representative dilution curves for spinach tissue extracts (100,000 x g supernatant) treated with anti-ox brain S-100 and with pre-immune rabbit serum. S-100 immunoreactivity was also detectable when a rabbit anti-S-100B antiserum was used (data not shown).
The ELISA method was also used to test the possible presence of immunoreactivity to other protein constituents of the mammalian nervous system in spinach extracts. Neither the glial fibrillary acidic protein, a constituent of glial intermediate filaments which also exhibits a cell distribution similar to S-100, nor neuronal constituents such as neuron-specific enolase and neurofilament proteins, could be detected (not shown).
Western blot analysis ( Figure 2) of 100,000 x g supernatants of spinach terminal buds and young leaves using anti-whole S-100 or anti-S-100B rabbit antiserum revealed a major band that migrated with an apparent molecular mass comparable to that of purified ox brain S-100B (lower than 14,400 KD). No reactivity w observed with pre-immune rabbit serum.
With immunohistochemical procedures (Figures 3a-3c ). serial sections of young spinach leaves treated with different anti-S-100 antisera exhibited an immunoreaction product with similar distribution pattern and intensity. Immunoreactivity was present in all tissues. Meristematic cells and epidermal cells (Figure 3 . arrowheads) exhibited a widespread immunoreaction product that was confined to the cytoplasmic matrix and the nucleus. Similarly, parenchymal cells (Figure 3 , asterisks)-characterized by their large size and a large vacuole-showcd immunoreactivity in the nucleus and in the cytoplasm but not in the vacuoles. Control sections treated with pre-immune rabbit serum or with specific antisera absorbed with the antigen did not show any appreciable reaction product.
Discussion
The present findings demonstrate the occurrence of S-loO-Iike immunoreactivity in spinach tissues. S-100 proteins in vertebrates arc known to consist of hetero-and homodimen. exhibiting similar antigenic sites, of at least two types of subunits ( a and 8) whose primary amino acid sequences share more than 50% homology (for reviews see Hilt and Kligman, 1991; Baudier, 1988) . We are not able at present to establish structural relationships between the S-100-Iike immunoreactive material detected in spinach tissues and S-100 molecules in vertebrates. More detailed biochemical studies on the evolutionary pattern of S-100 will be needed to answer this question conclusively. In the light of the present data, the following considerations can be made: (a) since rabbit antisera specifically directed against the b-subunit of S-100 are able to recognize S-100-like immunoreactive material in spinach tissues with both immunochemical and immunohistochemical procedures, the molecule(s) under examination probably contain(s) this epitope; and (b) the electrophoretic pattern revealed by immunoblotting indi-cates that the S-lOO-like immunoreactive material detected in spinach extracts has a molecular mass comparable to that known for S-100 in vertebrates.
The finding of an S-100-like molecule(s) in plant tissues has not been previously reported. Calmodulin, a multifunctional calcium binding protein that is well conserved during phylogenesis and exhibits some biochemical similarities to S-100. has been detected in and isolated from a number of different plants (Lin et al., 1986; Vantard et al., 1985; Watterson et al., 1980; Charbonneau and Cormier, 1979; Anderson and Cormier, 1978) . It is interesting in this respect that both S-100 and calmodulin are believed to be members of a calcium binding protein superfamily ("E-F hand" proteins, also comprising parvalbumin. troponin C. myosin regulatory light chain, and intestinal calcium binding protein) exhibiting related amino acid sequences and diversely evolved from a common ancestor (for review see Isobe et al., 1982) . As in animal tissues, calcium is also believed to occupy an important place in the control systems of plant tissues, particularly with regard to growth and development. Calcium binding proteins are therefore obvious natural candidates for a role in calcium regulation and the modulation of calcium-mediated processes in plant tissues, and a series of such functions has been ascertained for calmodulin (for review see Gilroy et al., 1987) .
It appears from the present immunohistochemical data that S-100-like immunoreactivity is distributed among several cell types of spinach tissues during the early stages of development of the leaves, which exhibit both cytoplasmic and nuclear labeling, as is known to occur in a number of animal cell types (for review see Van Eldik and Zimmer, 1988) . It is interesting in this respect that cell types exhibiting S-100-like immunoreactivity in spinach tissues have also been shown to contain calmodulin, with the difference that the nuclei are not labeled by anti-calmodulin antibodies (Lin et al., 1986) .
The question remains as to whether the presence of S-100 (or molecules immunologically related to S-100) in such a variety of cell types, ranging from spinach leaves and terminal buds to the human brain, is associated with unique biological processes that are highly conserved during phylogenesis.
